Abstract-Cigarette smoking impairs endothelial function. Hydroxymethylglutaryl (HMG) CoA reductase inhibitors (statins) may favorably affect endothelial function via nonlipid mechanisms. We tested the hypothesis that statins would improve endothelial function independent of changes in lipids in cigarette smokers. Twenty normocholesterolemic cigarette smokers and 20 matched healthy control subjects were randomized to atorvastatin 40 mg daily or placebo for 4 weeks, washed out for 4 weeks, and then crossed-over to the other treatment. Baseline low-density lipoprotein (LDL) levels were similar in smokers and healthy subjects, 103Ϯ22 versus 95Ϯ27 mg/dL, respectively (PϭNS) and were reduced similarly in smokers and control subjects by atorvastatin, to 55Ϯ30 and 58Ϯ20 mg/dL, respectively (PϭNS). Vascular ultrasonography was used to determine brachial artery, flow-mediated, endothelium-dependent, and nitroglycerin-mediated, endothelium-independent vasodilation. To elucidate potential molecular mechanisms that may account for changes in endothelial function, skin biopsy specimens were assayed for eNOS mRNA, eNOS activity, and nitrotyrosine. Endothelium-dependent vasodilation was less in smokers than nonsmoking control subjects during placebo treatment, 8.0Ϯ0.6% versus 12.1Ϯ1.1%, (Pϭ0.003). Atorvastatin increased endothelium-dependent vasodilation in smokers to 10.5Ϯ1.3% (Pϭ0.017 versus placebo) but did not change endothelium-dependent vasodilation in control subjects (to 11.0Ϯ0.8%, PϭNS). Endothelium-independent vasodilation did not differ between groups during placebo treatment and was not significantly affected by atorvastatin. Multivariate analysis did not demonstrate any association between baseline lipid levels or the change in lipid levels and endothelium-dependent vasodilation. Cutaneous nitrotyrosine levels and skin microvessel eNOS mRNA, but not ENOS activity, were increased in smokers compared with controls but unaffected by atorvastatin treatment. Atorvastatin restores endothelium-dependent vasodilation in normocholesterolemic cigarette smokers independent of changes in lipids. These results are consistent with a lipid-independent vascular benefit of statins but could not be explained by changes in eNOS message and tissue oxidative stress. These findings implicate a potential role for statin therapy to restore endothelial function and thereby investigate vascular disease in cigarette smokers. Key Words: cigarette smoking Ⅲ endothelial nitric oxide synthase Ⅲ hydroxymethylglutaryl CoA reductase inhibitor Ⅲ endothelial function Ⅲ oxidative stress C igarette smoking is a reversible risk factor for atherosclerosis. Smoking impairs endothelial function and creates a vascular environment that contributes to the development of atherosclerosis. 1,2 Putative mechanisms through which cigarette smoking alters endothelial function and particularly the bioavailability of nitric oxide (NO) in humans include increased oxidative stress, 3 alterations in endothelial nitric oxide synthase (eNOS), 4 and activation of rho kinase. 5 Hydroxymethylglutaryl CoA reductase inhibitors (statins) potently reduce total and low-density lipoprotein (LDL) cholesterol. The cholesterol-lowering effects are associated with improvements in endothelium-dependent vasodilation. 6, 7 Cellular and animal investigations have demonstrated nonlipid benefits of statins that include upregulation of eNOS, reduction of oxidative stress, and antagonism of isoprenoidmediated activation of small GTP-binding proteins. 8 Corroborating these experimental studies, statin-mediated improvements in endothelial function have been demonstrated within days in humans, even after a single dose and before any significant lipid affect. 9,10 To investigate whether statins confer benefit on endothelial function independent of cholesterol reduction in humans, we sought to determine the effect of atorvastatin on endothelial function in normolipidemic cigarette smokers and healthy control subjects in a randomized, placebo-controlled, double-blind, crossover study. Moreover, we sought to determine whether the benefit was Original
C igarette smoking is a reversible risk factor for atherosclerosis. Smoking impairs endothelial function and creates a vascular environment that contributes to the development of atherosclerosis. 1, 2 Putative mechanisms through which cigarette smoking alters endothelial function and particularly the bioavailability of nitric oxide (NO) in humans include increased oxidative stress, 3 alterations in endothelial nitric oxide synthase (eNOS), 4 and activation of rho kinase. 5 Hydroxymethylglutaryl CoA reductase inhibitors (statins) potently reduce total and low-density lipoprotein (LDL) cholesterol. The cholesterol-lowering effects are associated with improvements in endothelium-dependent vasodilation. 6, 7 Cellular and animal investigations have demonstrated nonlipid benefits of statins that include upregulation of eNOS, reduction of oxidative stress, and antagonism of isoprenoidmediated activation of small GTP-binding proteins. 8 Corroborating these experimental studies, statin-mediated improvements in endothelial function have been demonstrated within days in humans, even after a single dose and before any significant lipid affect. 9, 10 To investigate whether statins confer benefit on endothelial function independent of cholesterol reduction in humans, we sought to determine the effect of atorvastatin on endothelial function in normolipidemic cigarette smokers and healthy control subjects in a randomized, placebo-controlled, double-blind, crossover study. Moreover, we sought to determine whether the benefit was achieved by changes in oxidative stress or in eNOS mRNA levels and activity.
Methods

Subjects
Forty subjects, including 20 cigarette smokers and 20 age-and gender-matched healthy, nonsmoking controls were recruited through newspaper advertisement. All subjects underwent screening medical history, physical examination, and laboratory analysis including complete blood count, serum electrolytes, glucose, blood urea nitrogen, creatinine, transaminases, alkaline phosphatase, total cholesterol, and LDL. Subjects with hypertension, diabetes mellitus, LDL or total cholesterol greater than the 50th percentile for age and gender, cardiovascular disease, or other significant disease were excluded. All participants provided written informed consent. The protocol was approved by the Human Research Committees of the Brigham and Women's Hospital.
Study Design
The effect of atorvastatin on endothelium-dependent and endothelium-independent vasodilation of the brachial artery was studied using a randomized, double-blind, placebo-controlled, crossover design. All subjects were studied in the morning in the postabsorptive state, fasting after the previous midnight. Cyclooxygenase inhibitors, alcohol, and caffeine were prohibited for 24 hours before the study. Cigarette smokers refrained from smoking for at least 2 hours before arrival in the vascular laboratory. Subjects were randomized to receive either atorvastatin 40 mg daily (Pfizer Inc) or matching placebo. After 30 days of medication, subjects underwent repeat vascular function testing. After testing, subjects had a 30-day washout period and then crossed over to the alternate treatment with placebo or atorvastatin. Vascular testing was performed again after 30 days of treatment.
Vascular Reactivity Studies
Subjects were studied in a quiet, temperature-controlled, dimly lit room after resting supine for a minimum of 5 minutes. Highresolution B-mode ultrasonography of the brachial artery was performed using a Toshiba Powervision 8000 (Toshiba America Medical Systems Inc) ultrasound machine and 7.5-MHz linear array probe. The brachial artery was imaged longitudinally, just proximal to the antecubital fossa. Transducer position was adjusted to obtain optimal images of the near and far walls of the intima. Images were simultaneously recorded on super VHS videotape. The video output and electrocardiographic signal of the ultrasound machine were connected to a computer equipped with a Data Translation framegrabber videocard (Dataviz). The R wave on the electrocardiogram served as a trigger to acquire frames at end-diastole. After baseline image acquisition, a sphygmomanometric cuff was inflated to suprasystolic pressure (200 mm Hg) for 5 minutes. On cuff release, reactive hyperemia causes flow to increase through the brachial artery subserving the forearm. Flow-induced, endotheliumdependent vasodilation of the brachial artery was determined by acquiring images at 1 minute after cuff deflation. Ten minutes after cuff release, the brachial artery was imaged again to ensure a return to basal conditions. Then, to determine endothelium-independent vasodilation, subjects received 0.4 mg of nitroglycerin, sublingually. The brachial artery was imaged 3 minutes later. Brachial artery blood flow velocity was determined via time-velocity integral measurement. Nitroglycerin was not administered if the systolic blood pressure was Ͻ100 mm Hg. Thirty-six of the 40 subjects received nitroglycerin at all visits. The determination of endothelial function was performed in accordance with published guidelines. 11 
Laboratory Analyses
After each vascular function measurement, the subject underwent skin biopsy from the upper arm. Lidocaine 2% anesthesia was infused around the area of interest. A 4-mm bioptome was used to obtain a skin sample. The specimen was frozen immediately in liquid nitrogen and stored at Ϫ80°C until RNA preparation.
eNOS mRNA Expression
Samples were divided to enable assessment of both eNOS mRNA and eNOS activity. eNOS mRNA expression in skin was assessed by semiquantitative reverse-transcription polymerase chain reaction (RT-PCR). Total RNA isolation and RT-PCR were performed according to standard techniques. 12 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was used as co-amplified internal control for sample normalization and relative quantitation of eNOS expression. Primer pairs spanning introns for eNOS and GAPDH were used as previously described and the conditions for each PCR reaction was chosen at linear phase of amplification. The PCR products containing eNOS and GAPDH were loaded on 1.5% agarose gels. Optical densities of ethidium bromide-stained bands were quantitated by densitometry and results were expressed as eNOS/GAPDH ratios.
eNOS Activity
Total protein was extracted from the skin and subcutaneous tissue samples. Protein concentration was determined with the Micro BCA Assay Kit (Pierce Chemical Co, Rockford, Ill). Ten g of protein lysates from each sample were used for the eNOS activity assay. 
Tissue Nitrotyrosine Content
Nitrotyrosine was measured using a solid-phase enzyme-linked immunosorbent assay based on the sandwich principle according to the recommendations of the manufacturer (Nitrotyrosine ELISA Kit ab7371; Abcam). In brief, skin homogenates were lysed in cell lysis buffer (20 mmol/L Tris-HCl [pH 7.5], 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L beta-glycerophosphate, 1 mmol/L Na3VO4, 1 g/mL leupeptin), rotated 1 hour at 4°C, and centrifuged at 14 000g for 30 minutes. Proteins of the supernatant were concentrated using Microcon centrifugal filter units with a cutoff of 10 000 Da (Millipore, Billerica, Mass) and protein concentration were measured using the BCA method (Pierce Biotechnology). Seventyfive g of protein were incubated in microtiter wells coated with antibodies recognizing nitrotyrosine. A biotinylated second antibody to nitrotyrosine was added to the wells as a tracer to bind a streptavidin-peroxidase conjugate. Finally, tetramethylbenzidine was added as a substrate and the reaction was stopped by addition of citric acid. Absorbency was measured at 450 nm and compared with nitrotyrosine standards. Data are expressed as nitrotyrosine amounts in nmol per 1 mg of protein.
Statistical Methods
Descriptive measures are reported as meansϮSD. Experimental measures are reported as meansϮSE. Experimental measures, including flow-mediated and nitroglycerin-mediated vasodilation, eNOS mRNA, eNOS activity, and nitrotyrosine levels for each subject group were compared at the end of treatment using a paired Student t test. Comparisons made between groups were made using an independent t test. Multiple linear regression was performed to assess the effects of lipoprotein concentrations at baseline and the change with treatment on flow-mediated vasodilation. Statistical significance was accepted at the 95% confidence level (PϽ0.05). All statistics were run on SPSS Base 10.0 (SPSS Inc).
Results
Baseline characteristics are presented in Table 1 . Cigarette smokers and nonsmokers were well matched for age, sex, total cholesterol, LDL cholesterol, and high-density lipoprotein (HDL) cholesterol levels, and body mass index. Both groups were normotensive; however, blood pressure was higher in cigarette smokers than in healthy subjects, 126/ 78 mm Hg versus 117/69 mm Hg, respectively (Pϭ0.001). Blood pressure did not change significantly in either group with placebo or atorvastatin therapy and the difference between the groups remained the same.
Atorvastatin and Cholesterol Levels
After placebo treatment, total, LDL, and HDL cholesterol levels did not vary significantly between groups (Figure 1) . Specifically, total cholesterol was 180Ϯ33 versus 166Ϯ40 mg/dL, LDL was 107Ϯ30 versus 87Ϯ36 mg/dL, and HDL was 56Ϯ15 versus 50Ϯ20 mg/dL in healthy subjects and cigarette smokers, respectively (all PϭNS). Atorvastatin significantly reduced total and LDL cholesterol in both groups. In healthy controls, atorvastatin lowered total cholesterol to 123Ϯ30 mg/dL and LDL cholesterol to 58 mg/dL (both PϽ0.001). Similarly, in cigarette smokers, atorvastatin lowered total cholesterol to 137Ϯ42 mg/dL (Pϭ0.023) and LDL to 55Ϯ30 mg/dL (Pϭ0.003). Total, LDL, and HDL cholesterol levels did not differ between groups after atorvastatin treatment. Liver function tests and creatine kinase levels stayed within normal levels for all subjects at all times.
Vascular Function Studies
Baseline arterial diameters after placebo and atorvastatin therapy did not differ within each group and between groups ( Table 2 ). The increase in flow velocity with reactive hyperemia during placebo therapy was similar in healthy control subjects and cigarette smokers (PϭNS). These values did not significantly differ during atorvastatin treatment in either group.
Flow-mediated, endothelium-dependent vasodilation was less in cigarette smokers than healthy subjects during placebo treatment, 8.0Ϯ0.6% versus 12.1Ϯ1.1%, respectively (Pϭ0.003) (Figure 2 ). Atorvastatin increased flow-mediated vasodilation in cigarette smokers from 8.0Ϯ0.6% to 10.5Ϯ1.3% (Pϭ0.017) but had no significant effect on nonsmokers, 12.1Ϯ1.1% versus 11.0Ϯ0.8% (PϭNS). During atorvastatin treatment, flowmediated vasodilation did not differ significantly between cigarette smokers and healthy subjects, 11.0Ϯ0.8% versus 10.5Ϯ1.3%, respectively (PϭNS). Multivariate analysis including all baseline variables revealed no significant relationship between change in total or LDL cholesterol or blood pressure and flow-mediated vasodilation, when the group was considered as a whole or cigarette smokers were considered separately.
Nitroglycerin-induced, endothelium-independent vasodilation did not differ between cigarette smokers and healthy subjects during placebo treatment, 21Ϯ1.8% versus 18.6Ϯ1.6%, respectively (Pϭ0.34) (Figure 3 ). Atorvastatin did not significantly change nitroglycerin-mediated vasodilation in cigarette smokers or healthy subjects.
Tissue Studies
Subcutaneous vascular eNOS mRNA content was quantified as a ratio to GAPDH after placebo and atorvastatin treatment. eNOS mRNA content was higher in cigarette smokers than healthy control subjects, 0.78Ϯ0.08 versus 0.56Ϯ0.05 (Pϭ0.04). Atorvastatin increased eNOS mRNA content in healthy subjects from 0.56Ϯ0.05 to 0.62Ϯ0.05 (PϭϪ0.03) but had no effect on cigarette smokers, 0.78Ϯ0.08 to 0.77Ϯ0.08 (Pϭ0.95). eNOS activity was similar in cigarette smokers and in healthy subjects during placebo treatment, 5.21Ϯ0.44 versus 5.08Ϯ0.35 pmol L-citrulline/min per milligram, respectively (Pϭ0.72). Atorvastatin treatment did not significantly change eNOS activity in cigarette smokers or healthy subjects. Tissue nitrotyrosine content was higher in cigarette smokers than in healthy control subjects during placebo treatment (82.4Ϯ20.2 versus 38.1Ϯ7.9 nmol/mg, respectively, Pϭ0.05). Atorvastatin treatment did not significantly change tissue nitrotyrosine content in cigarette smokers or in healthy subjects. Effect of atorvastatin on lipid levels. The mean plasma concentrations (mg/dL) of total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides in cigarette smokers and healthy control subjects. During placebo treatment, there were no significant differences in lipid levels between smokers and healthy subjects. During atorvastatin treatment, total and LDL cholesterol levels decreased to similar levels in both groups. 
Discussion
This study has several salient findings. Flow-mediated, endothelium-dependent vasodilation is impaired in normocholesterolemic smokers. Statin therapy restores endotheliumdependent vasodilation in normolipidemic cigarette smokers independent of lipid levels, tissue oxidative stress, or eNOS mRNA levels. Microvessel eNOS mRNA content was higher in smokers than in healthy controls and increased only in healthy subjects with statin therapy. Finally, tissue nitrotyrosine content was higher in cigarette smokers than in healthy subjects but unaffected by statin therapy.
Cigarette Smoking and Endothelial Function
The first observation that endothelial function is impaired in cigarette smokers was made Ͼ10 years ago. 1 Increasing cigarette number and duration worsen endotheliumdependent vasodilation, suggesting a dose-related phenomenon. 1, 13 Mechanisms whereby cigarette smoking may reduce the bioavailability of endothelium-derived NO include increased scavenging of NO by reactive oxygen species (ROS) and decreased content and functional activity of eNOS. In vitro 14 and human investigation 15 have demonstrated that cigarette smoking increases production of ROS, without a commensurate increase in antioxidant activity. 16 Vitamin C plasma concentrations are reduced in cigarette smokers, suggesting an ongoing imbalance favoring oxidative stress. 15 We measured tissue oxidative stress directly, demonstrating increased concentrations of nitrotyrosine, a specific marker of NO-derived oxidants, 17 in smokers compared with healthy subjects. ROS, specifically superoxide anion, can scavenge NO and yield peroxynitrite, 18 thereby diminishing the bioavailability of NO and endothelium-derived vasodilation. Scavenging superoxide anion acutely with vitamin C restores endothelium-dependent vasodilation in smokers but this effect cannot be maintained chronically. 3, 19 One important source of oxygen-derived free radicals may be increased angiotensin-converting enzyme activity and the resultant angiotensin II production. 20 Angiotensin II increases the endothelial production of superoxide anion through activation of NADPH oxidases. 21, 22 In vitro and human investigation have demonstrated that angiotensin-converting enzyme inhibition restores endothelial function that had been impaired by cigarette smoking, suggesting an important role for vascular angiotensin in smoking. 23, 24 In addition to scavenging NO, Figure 2 . Effect of cigarette smoking and atorvastatin on flowmediated vasodilation. The mean percent increase in brachial artery size 1 minute after cuff release compared with baseline is illustrated. Flow-mediated, endothelium-dependent vasodilation was significantly impaired in the brachial arteries of smoking subjects compared with control subjects. Atorvastatin increased flow-mediated, endothelium-dependent vasodilation in the smoking subjects but not in the healthy subjects. Figure 3 . Effect of cigarette smoking and atorvastatin on nitroglycerin-mediated vasodilation. The mean percent increase in brachial artery size 3 minutes after sublingual nitroglycerin administration compared with baseline is illustrated. Nitroglycerin-mediated, endothelium-independent vasodilation in the brachial arteries was not significantly different between smoking and healthy controls subjects. Atorvastatin did not significantly affect nitroglycerin-mediated, endothelium-independent vasodilation in either group. generation of reactive oxygen species by cigarette smoking may also affect eNOS activity. The product of superoxide anion and NO, peroxynitrite, oxidizes tetrahydrobiopterin, the eNOS cofactor. 25 Without tetrahydrobiopterin, eNOS becomes uncoupled and produces superoxide anion preferentially over NO. 26, 27 Supplementation of tetrahydrobiopterin restores endothelium-dependent vasodilation in cigarette smokers, lending support for a chronic deficiency of this eNOS cofactor. 28, 29 The effect of cigarette smoking on eNOS content and activity may depend on the origin of the endothelium. Studies in pulmonary arteries suggest that cigarette smoke, per se, decreases both endothelial eNOS content and activity. 30, 31 However, when serum from smokers was added to confluent human umbilical vein endothelial cells, eNOS NO production decreased, but eNOS protein expression increased. 4 In our study, microvessel eNOS mRNA was increased in cigarette smokers compared with healthy control subjects. These findings suggest that in states of increased oxidative stress, eNOS mRNA content increases 32 but effective NO production decreases.
Atorvastatin and Endothelial Function in Smokers
Atorvastatin administration decreased total and LDL cholesterol levels similarly in cigarette smokers and healthy controls. In cigarette smokers, atorvastatin treatment significantly increased endothelium-dependent vasodilation compared with placebo but did not affect endotheliumindependent vasodilation. In nonsmoking, healthy subjects, atorvastatin treatment did not affect endothelium-dependent or endothelium-independent vasodilation. The improvement in endothelium-dependent vasodilation with atorvastatin in smokers was not associated with basal total or LDL cholesterol levels or the change in these lipid levels as a result of treatment.
Cigarette smokers had higher tissue eNOS mRNA concentrations than healthy controls, and these were unchanged by atorvastatin therapy. In vitro and ex vivo work demonstrate that atherosclerotic risk factors that increase oxidative stress, in general, and hydrogen peroxide, per se, increase eNOS concentration, as we found in this study. 32, 33 We expected that atorvastatin therapy would increase the eNOS mRNA concentration further on the basis of previous animal and in vitro experiments. 34, 35 Yet, eNOS mRNA concentrations increased only in the healthy subjects. These findings suggest that cigarette smoking, likely via ROS, maximally increases eNOS mRNA concentration, and further increases with statin therapy cannot occur as it does in healthy states. Statins have been demonstrated to attenuate hydrogen peroxide production. 36 Therefore, the lack of change in eNOS mRNA levels in cigarette smokers may result from a balance between a statin-mediated decrease in ROS and a statin-mediated improved stabilization of eNOS mRNA. The control used in the study (GAPDH), unchanging with each treatment condition, is not specific to vascular cells. We cannot exclude the possibility that increases in oxidative stress or relative tissue hypoxia may have increased the skin microvessel concentration, thereby accounting for the increase in eNOS mRNA signal in smokers.
Finally, we tested the hypothesis that statins may improve endothelium-dependent vasodilation through decreases in oxidative stress. Animal and human investigation have demonstrated that statin therapy reduces oxidative stress. 37, 38 Statins decrease plasma NO-derived oxidants specifically. 39 In our subjects, however, tissue nitrotyrosine content, which was higher in cigarette smokers, remained unaffected by atorvastatin treatment. Our observations may differ from previous work because of differences in the origin of ROS measurements: tissue and plasma. ROS in plasma may be produced by nonvascular cells (platelets and leukocytes) in addition to the vascular wall. 40, 41 Moreover, statins have been demonstrated to scavenge ROS directly. 42, 43 Thus, studies that recently demonstrated decreases in plasma nitrotyrosine may reflect a difference in statin-mediated reductions in ROS in tissue and plasma. 39 We also investigated whether atorvastatin-mediated improvements in eNOS activity would improve the bioavailability of NO and, by extension, endothelium-dependent vasodilation. The addition of serum from cigarette smokers to HUVEC plates decreases eNOS activity, 4 and statins may increase eNOS activity. 44 In our population, there was no significant difference in eNOS activity between the smokers and healthy subjects during placebo treatment and no change with atorvastatin treatment. The difference in our findings from previous studies may result from a limitation in the experimental method used to measure eNOS activity. This method requires cofactor repletion, including tetrahydrobiopterin, in the medium and, as such, may have obscured an effect of increased plasma oxidative stress, which would deplete tetrahydrobiopterin. Thus, by repleting the cofactor typically depleted by ROS, we may not have detected statin-mediated changes in eNOS activity.
Additional mechanisms by which cigarette smoking chronically impairs endothelial function independent of oxidative stress include increases in inflammation 45 and activation of rho kinase. 5 Statins have been demonstrated to reduce activation of the GTPase rho and systemic inflammation. 46, 47 Components of inflammation decrease eNOS mRNA, protein expression, and activity in vitro. 48, 49 Rho kinase presents an appealing possibility as a statin-specific mechanism. Activation of rho has been demonstrated to decrease eNOS activation and increase oxidative stress, 50 effects that are ameliorated by statins.
Conclusion
These data demonstrate that atorvastatin restores endothelial function in normocholesterolemic cigarette smokers independent of changes in lipids, tissue oxidative stress, and eNOS mRNA expression. The precise mechanism through which this occurs could not be determined in this investigation but does not appear to be related to changes in tissue oxidative stress or eNOS concentration or function. These findings implicate a potential role for statin therapy to restore endothelial function and thereby investigate vascular disease in cigarette smokers. 
